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ABSTRACT 

We have identified a sample of 41 low-mass high -oxygen abundance ou tliers from the mass- 
metallicity relation of star- forming galaxies measured by lTremonti et ail (|2QQ4l ). These galaxies, which 
have 8.6 < 12 + log(0/H) < 9.3 over a range of -14.4 > M B > -19.1 and 7.4 < log(M*/M ) < 10, 
are surprisingly non-pathological. They have typical specific star formation rates, are fairly isolated 
and, with few exceptions, have no obvious companions. Morphologically, they are similar to dwarf 
spheroidal or dwarf elliptical galaxies. We predict that their observed high oxygen abundances are 
due to relatively low gas fractions, concluding that these are transitional dwarf galaxies nearing the 
end of their star formation activity. 

Subject headings: galaxies: abundances - galaxies: dwarf - galaxies: evolution 
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1. INTRODUCTION 

There is a well-known positive correlation between 
galaxy luminosity and m et allicity (|Leaueux et al.l Il979l : 
iGarnett fc Shields] fl987h , iTremonti et ZT 1|2Q04) mea- 
sured this relation for 53400 star-forming galaxies from 
the Sl oan Digital Sky Survey (SPSS) Data Release 4 
(DR4, lAdelman-McCarthv et all 120061 ). estimating the 
gas phase oxygen abundance, 12 + log(0/H), from H II 
region emission lines as the surrogate for "metallic- 
itv." Using estimates of the galaxy stellar ma s ses de - 
rived from the techniques of iKauffmann et all ([2003), 
ITremonti et al.l showed that metallicity is better cor- 
related with galaxy mass than with luminosity, which 
suggests that the observed relation arises from the fact 
that lower mass galaxies have lower escape velocities 
than higher mass galaxies and so lose meta ls more eas- 
ily via, e.g . , sup ernova winds (|Larsonlll974l ). However, 
iDalcantonf (|2007l ) showed that even if a low-mass galaxy 
can selectively remove its metals via winds, subsequent 
star formation can essentially erase the effects on the gas- 
phase metallicity; both a low star formation rate and a 
large gas fraction are needed to retain low metal abun- 
dances. Other proposed origins for the mass-metallicity 
relation include lower star formation rates in less massive 
galaxies giving rise to fewer massive stars and therefore 
less metal production (|Koppen et al.ll2007l ). 

Despite the locus of galaxies in the mass-metallicity 
plane having intrinsically high scatter (e.g., a 1-cr spread 
of ±0.15 dex in 12 + log(0/H) at 9.5 < log(M*/M ) < 
9.6), in the absence of good quality spectra it has be- 
come an increasingly common practice to deduce or as- 
sign metallicities to galaxies based simply on their lumi- 
nosities. In particular, the idea persists that dwarf galax- 
ies are always "metal-poor," certainly a fair assumption 
in the Local Group. In this study however, we will show 
that there is a significant population of low-mass galax- 
ies with high gas-phase oxygen abundanc es relative to 
the m ass-metallicity relation defined by ITremonti et al.l 
(|200l : high -mass low-metallicity outliers from the mass- 
metallicity relation will be the focus of an upcoming pa- 
per. As shown in Figure [TJ we find 24 galaxies with 



-17 > M B > -19 mag and 12 + log(0/H > 9 and 17 
high- metallicity outliers with Mb > —17 mag. We ex- 
plain how we selected this sample in §[2] and verified the 
galaxies' high oxygen abundances in § 12.31 In §[3] we dis- 
cuss some of the possible explanations for the existence 
of such a population of galaxies and explain why we pre- 
dict that these galaxies should have relatively low gas 
masses. Specifically, in § 13.41 we discuss the evidence for 
our galaxies being so-called "transition" dwarf galaxies. 
Finally, we summarize our results and conclusions in §[U 

2. FINDING OUTLIERS FROM THE MASS-METALLICITY 
RELATION 

We began with the sample of ~ 110000 star-forming 
galaxies with measured gas-phase oxyg e n abu ndances 
and stellar masses from ITremonti et al.l (|2004f ). High- 
metallicity outliers from the mass-metallicity locus can 
be due to main three causes, and our cuts were taken 
with these in mind. First, some galaxies can spuriously 
appear to be under luminous for their mass. Examples 
include highly inclined galaxies subject to strong inter- 
nal extinction and H II regions in larger galaxies that 
SDSS has mistakenly flagged as a galaxy. Among rel- 
atively nearby galaxies (e.g., those in the Virgo cluster) 
some have large peculiar velocities relative to the Hubble 
flow, leading to a misestimation of their distance modu- 
lus and thus absolute magnitude. Secondly, rogue out- 
liers can have spuriously high estimated metallicities; the 
galaxy, for example, may not be at high enough redshift 
to have the strongly constraining [O II] A3727, 9 A emis- 
sion line in the SDSS bandpass. Also, the strengths of the 
[O II] and [O III] lines paradoxically decrease with oxy- 
gen abundance, so at low signal-to- noise, the metallicity 
can be overestimated due to underestimated line fluxes. 
Finally, the object can be an honest outlier; these are 
the objects we want in our final sample. We found that a 
large number of cuts in different parameter spaces is use- 
ful for automatically rejecting many objects which would 
otherwise have to be thrown o ut by visual insp ection. 
We ran two searches on the full ITremonti et al.l sample 
for high- metallicity outliers. For the first, we were very 
conservative with our cuts so as to be certain that the 
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Fig . 1. — 12 + log(0/H) vs. M B , with log(0/H) taken from Trem onti et al.l (|2004T ) and M s measured using the methods of lAssef et al.l 
(2008). The small grey points are star-forming galaxies with SDSS magnitude errors < 0.1 mag; the red circles are the 24 galaxies in our 
main sample, and the green triangles are the very low mass sample. The errorbars on 12 + log(0/H) show the central 68% spread from 
Tremonti et al. (2004|). The pale blue histogram denotes the median 12 + log(0/H) in bins of Mb with width AMb = 0.4 m ag; these 
medians are probably artificially high at low luminositi es due to substantial contamination at high 12 + log(0/H) as discussed in § 12.21 The 
Milky Way, SMC, and LMC are shown using Mb from Karachentsev (2005), and the 12 + log(0/H) measurements are as discussed in the 

remaining galaxies are both statistically significant and 
not spurious. However, due to significant contamination 
at low luminosities, this "main" sample has no members 
with logM* < 9.15. We therefore did a separate, less 
stringent search for the lowest luminosity outliers; to dis- 
tinguish it from the main sample, we refer to this sample 
of lower mass galaxies as the "very low mass" sample. 

Figure [T] shows where our sample falls in the 12 + 
log(0/H)-M# plane; all galaxy images are shown in 
Figure [2] and summary information is presented in Ta- 
ble [H For reference, in Figure [T] we plot the Small and 
Large Magellanic Clo uds and Milky Way using Mb from 
iKarachentsevI (|2QQ5[ ). We recalculated 12 + log(0/H) 
for the SMC and LMC u sing the line ratios reported 
by iRussell fc Postal (fl99nh of six H II regions in the 
SMC and four H II regions in the LMC and the relation 
12+log(0/H) = 9.37+2.03 x N2 + 1.26 x N2 2 +0.32 x N2 3 , 



where N2 = log([N IllA6 584/Ha) dPettini fc Pagell2005 
iKewlev fc Ellison! I2QQ8I). We then t ransf ormed these 
abundances onto the [Tremonti et al.l (120041) sca le using 
the formulae given bv IKewlev fc Ellison! (|2008j ). result- 
ing in average metallicities of 8.21 and 8.39 for the SMC 
and LMC, respectively. The Milky Way is plotted also 
plott ed for reference at the Solar ox ygen abundance of 
8.86 (jDelahave fc PinsonneaultlteOOel ). 1 

2.1. Main Sample Selection 

Table [2] summarizes our selection of the main sample 
of 24 metal-rich low-mass galaxies. Spiral galaxies are 
known to have radial metallicity gradients such that the 

1 We note that, unlike the other abundances plotted in Figure [T] 
the Solar abundance is neither a nebular abundance nor the abun- 
dance within the central ~ 5 kpc of the Galaxy. 
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Fig. 2. — SDSS images of high-metallicity dwarf galaxies scaled to 10 x lOkpc, with Mb decreasing to the right and down from —14.4 
to —19.1, so that the faintest galaxy is in the upper-left corner. The stellar masses for this sample range from logM* « 7.4 to 9.9. 



nuclear abundances are higher than averages over whole 
galaxies. Thus, if only a small fraction of the galaxy 
is within the SDSS spectroscopic 3" diameter fibers, 
the measured metallicity can appear t o be artificially 
high relative to other galaxies. Following iTremonti et al.l 
(2004), we make an initial cut by requiring that the frac- 
tion of the galaxy covered by the fi ber to be greater than 
10%. (In our final cut, we follow iMichel-Dansac et al.l 
(|2008l ) and change this lower bound to 20%, which only 
eliminates two of the galaxies contained in the penulti- 
mate sample listed in Table O) We wanted the sample 
to be statistically significant, so outliers were then deter- 
mined via a series of cuts in the 12 + log(0/H) versus 
absolute £?-band magnitude (Mb), g-band (M p ), and 



stellar mass (M*) planes, as demonstrated with M* in 
Figure 03 For example, we divided the 52477 objects 
with SDSS magnitude errors < 0.1 mag in all bands into 
bins of Mb of width AMb = 0.4 mag; in each bin we 
kept the 2.5% with the highest 12 + log(0/H). We like- 
wise took bins of 12 + log(0/H) of width 0.1 dex and kept 
2.5% of the objects with the faintest Mb- Similar cuts 
were made with M g (binsize AM g = 0.4 mag) and log M* 
(binsize of AlogM* =0.1 dex). M g was calculated from 
the SDSS g-band magnitude and the spectroscopic red- 
shift, Mb was c alculated using th e low-resolution spec- 
tral temp lates oflAssef et al.ll2008l and the stellar masses 
from the Tremonti et sample were measured using a 
combination of SDSS colors and spectra as described by 
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TABLE 1 

Full sample of low-luminosity mass metallicity outliers 



RA 


dec 12 - 


h log(0/H) 


M B 


logM* 


redshift 


Notes 


193.9056 


-1.32986 


8.68 


-14.46 


7.65 


0.0029 


blue core, IC 225 


180.4589 


55.14507 


8.73 


-14.56 


7.73 


0.0035 




190.2097 


4.52583 


9.06 


-14.64 


7.39 


0.0025 


blue core, VCC 1855 


179.0295 


64.35073 


8.83 


-14.89 


8.06 


0.0047 




228.0340 


1.58571 


8.76 


-15.14 


8.21 


0.0065 




126.6407 


25.49979 


8.69 


-15.23 


8.07 


0.0072 




227.2679 


0.82197 


8.85 


-15.35 


8.17 


0.0055 




193.6735 


2.10447 


9.12 


-15.50 


8.40 


0.0029 


bright core 


126.6633 


25.59821 


8.86 


-15.87 


8.59 


0.0078 




208.3607 


5.20778 


8.94 


-16.19 


8.64 


0.0027 


blue core 


128.5841 


50.45248 


8.95 


-16.36 


8.69 


0.0114 




40.3408 


0.05813 


8.90 


-16.56 


8.70 


0.0227 




212.9768 


53.93956 


8.85 


-16.57 


8.81 


0.0064 


blue core 


190.5886 


2.06662 


9.00 


-16.73 


8.40 


0.0044 


bright core 


36.6179 


1.16053 


8.82 


-16.86 


7.92 


0.0051 


blue core 


117.1775 


26.53979 


8.94 


-16.88 


9.08 


0.0155 




182.7831 


0.95682 


8.95 


-16.98 


9.13 


0.0206 




133.8883 


31.21168 


9.10 


-16.99 


9.29 


0.0068 




25.7673 


14.52434 


9.12 


-17.16 


9.25 


0.0284 




225.5670 


38.80631 


9.12 


-17.32 


9.45 


0.0147 


bright core 


142.9797 


39.27156 


9.07 


-17.36 


9.35 


0.0275 




139.3797 


33.47552 


9.15 


-17.52 


9.46 


0.0221 




202.2088 


-0.90846 


9.14 


-17.58 


9.26 


0.0217 




39.0487 


-7.73400 


9.12 


-17.66 


9.16 


0.0314 




143.4695 


41.07965 


9.14 


-17.92 


9.54 


0.0145 


bright core 


187.1760 


44.09813 


9.13 


-17.93 


9.35 


0.0239 




182.8574 


44.43604 


9.14 


-17.97 


9.52 


0.0231 




211.3199 


54.20347 


9.13 


-18.15 


9.54 


0.0417 




258.4301 


57.18840 


9.16 


-18.18 


9.61 


0.0290 




208.9341 


4.24367 


9.14 


-18.19 


9.68 


0.0295 




227.6711 


41.16220 


9.13 


-18.20 


9.61 


0.0316 




352.8635 


13.90885 


9.14 


-18.34 


9.74 


0.0324 




206.4402 


63.85402 


9.14 


-18.36 


9.58 


0.0313 




153.2177 


12.34451 


9.20 


-18.39 


9.57 


0.0315 




177.7870 


49.69415 


9.14 


-18.41 


9.41 


0.0482 




144.1848 


33.91996 


9.14 


-18.45 


9.71 


0.0426 




162.6325 


0.36061 


9.16 


-18.60 


9.68 


0.0384 




195.6390 


-3.33894 


9.26 


-18.66 


9.55 


0.0471 




235.5660 


51.73211 


9.16 


-18.87 


9.83 


0.0425 




163.2191 


43.42840 


9.27 


-18.92 


9.90 


0.0242 




245.3673 


40.20360 


9.25 


-19.05 


9.91 


0.0285 


blue core 



Note. — Sample of metal-rich dwarf galaxies, sorted by Mb- First sixteen lines (above the 
horizontal line) are the very low mas s (log[M*/MQ] < 9.1) sample. RA and dec are in degrees, 
12 + log(0/H) and stel lar mass from [Tremonti et al. (2004), and Mb is measured using the low- 
resolution templates of Assef et al. (2008) and corrected where necessary for peculiar velocities, 
as discussed in §[2] redshifts are spectroscopic redshifts and have not been corrected for peculiar 
velocities. 



iKauffmann et all (|2QQ3h . Only 58 objects survived this 
series of cuts. 

At this point, we made a redshift cut: galaxies must 
have z > 0.024 in order to have the [O II] AA3727, 9 A 
emission line pair in their SDSS spectrum, and as this 
is a highly constraining line for the metallicity, we de- 
termined that it should be in the spectrum in order to 
remove a possible source of systematics and so that we 
can measure the metallicity with a diagnostic that uses 
this line. Seven z < 0.024 galaxies pass our subsequent 
12 + log(0/H) error and visual inspection cuts; after 
studying their spectra, as discussed below, we chose to 
keep these galaxies in our main sample. We also forced 
the cited ±la error in 12 + log(0/H) to be less than 
0.05 dex; metallicities with large uncertainties are obvi- 
ously more likely to be spurious than ones with small 
uncertainties. Unsurprisingly, the z > 0.024 redshift cut 
(after all of the other cuts) also removed any galaxies 
with fiber fractions < 0.1 which would have survived to 
that stage. We find, however, that this large number of 



cuts in various parameter spaces dramatically reduced 
the number of objects that had to be removed "by eye." 
The final visual-inspection cut removed only two objects 
with nearby potential photometric contaminations. Fi- 
nally, we re-examined the fiber fraction cut; following 
Mic hel-Dansac et al.l (|2008l ) we allowed the lower-limit 
fiber fraction to be 20% (excluding two objects from the 
sample). The final exclusion was a barred galaxy with 
a diameter of ~ 10"; the SDSS fiber size is 3", but this 
galaxy is labeled as having a fiber fraction of ~ 60%. 
This galaxy probably has spuriously low SDSS Petrosian 
magnitudes. The 24 galaxies in this main sample have 
a range of fiber fractions between 25% and 60% and a 
redshift range of 0.007 < z < 0.048. 

2.2. Very Low Mass Sample Selection 

It is obvious from Figure [T] that the selection of our 
main sample artificially imposes a lower mass cutoff. 
This does not mean that there is not a statistically sig- 
nificant sample of interesting galaxies with Mb > —17; 



Metal-Rich Dwarf Galaxies 



5 



TABLE 2 
Cuts for Main Sample Selection 



Cut 



Number Surviving 



Fiber fraction > 0.1 107992 

fc-corrected SDSS magnitude errors < 0.1 mag 48327 

97.5% large (O/H) and small M B 227 

97.5% large (O/H) and small M g 202 

99% large (O/H) w.r.t. M B 87 

99% large (O/H) w.r.t. M* 66 

97.5% small M* w.r.t. (O/H) 51 

redshift > 0.024 for [O II] 34 

12 + log(0/H) error < 0.05 dex 22 

Visual inspection 20 

Fiber fraction > 0.2 and photometry 17 

redshift z < 0.024 but surviving subsequent cuts 7 

Note. — See §[27T]and Figure [3] for a more detailed explanation. 
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Fig. 3. — Zoomed in portion of the 12+log(0/H) vs. log M* plane 
with 97.5% (solid blue line and short dashe d cy an line) and 99% 
(long dashed light blue line) cuts shown; see § 12. H and Table [2] The 
black points have SDSS magnitude errors < 0.1 mag and the red 
points are the 24 galaxies in our main sample, which are similar 
in luminosity to the Large Magellanic Cloud (which has a 12 + 
log(0/H) of 8.39) The errorbars on 12+ log(Q/H) show the central 
68% spread from ITremonti et al.l (l200l) . 

it just means that there are more contaminating objects 
with measured high metallicities in the low-luminosity 
regime than at brighter magnitudes. That is, the most 
extreme outliers with Mb < —17 in one parameter space 
(e.g., the 12 + log(0/H) vs. Mb plane) are not also 
outliers in one of the others (e.g., the 12 + log(0/H) 
vs. logM* plane). The true very low luminosity mass- 
metallicity outliers therefore have lower abundances than 
these spurious outliers. We therefore did a separate 
search for high-metallicity galaxies at extremely low lu- 
minosities and masses, as summarized in Table [3] We 
chose to not apply a fiber fraction cut for this sample be- 
cause lower luminosity galaxies are preferentially closer 
and therefore subtend a larger angle on the sky, making 
it more difficult for a substantial fraction of the galaxy 
to be within the 3" SDSS fiber diameter. We therefore 
began the selection with a magnitude error cut, like the 
one for the main sample. We also removed objects with 
fiber fractions > 0.2 occupying the parameter space al- 
ready excluded by the main sample: any objects with 
Mb brighter than —17 mag, logM* > 9.15, and a high 



log(0/H) at the 95% level with respect to M* were ex- 
cluded. The cuts in 12 + log(0/H) relative to M B , M g 
and M* are all less stringent than for the main sample, 
but because for this sample we are interested in the very 
low mass objects, we took a strong (99% level) cut in 
M* relative to 12 + log(0/H). Six galaxies were excluded 
due to metallicity re-estimation considerations (as dis- 
cussed below). Three of the remaining galaxies are po- 
tentially members of the Virgo cluster; of these, only 
two remain clear outliers from the M^-metallicity locus 
when their distance m oduli are shifted to t he Virgo value 
of 30.74 magnitudes (lEbeling et al.lll998[ ). (We do not 
attempt to correct the stellar mass estimates due to the 
effects of peculiar velocity.) Finally, the 95% high (O/H) 
with respect to M g cut excludes the galaxy IC 225 fr om 
the sample, which is pointed out bv iGu et al.l (|2006l ) to 
have a relatively high metallicity and a compact blue 
core. As this galaxy passes all of the other cuts and 
is clearly interesting, we added it back to the sample, 
raising the total number of galaxies in the very low mass 
sample to 17 and the full sample to 41. The very low mass 
sample has fiber fractions ranging from 0.04 to 0.45; more 
than half of the 17 galaxies in this sample have fiber frac- 
tions below 0.1 and only 5 are above 0.2. Also, none of 
these galaxies would have survived the main sample red- 
shift cut, as the very low mass galaxies occupy the red- 
shift range 0.00249 < z < 0.0227, with the most nearby 
objects being only ~ 12 Mpc away. 

2.3. Measuring High Oxygen Abundances 

Are these 41 galaxies true outliers from the mass- 
metallicity relati on, or are th e y jus t the tail of the 
scatter of the ITremonti et al.l (|2004l ) measurements? 
As a first c heck, the galaxies fall where e xpected on 
the standard Bal dwin. Phillips, fc Terlevichl (BPT) dia- 
grams for log([0 III] A5007/H/3) vs. logffN II] A6548/Ha) 
and log(([Slll AA6 717 + 31)/Ha) (jBaldwin et all 1 198 it 
iKewlev et al.ll2006[ ) . We note that there are several com- 
plications with measurin g high metalli cities using visible 
wavelength spectra (see iBreso lin 2006 for a thorough re- 
view) . The main problem is that cooling is more efficient 
at high metallicities, which translates into lower nebu- 
lar temperatures and hence weaker [O II] and [O III] 
visible- wavelength lines, with the primary cooling load 
shifting to the far-infrared fine structure emission lines 
that cannot be readily observed. The result is that at 
high abundances the visible wavelength spectra become 
increasingly insensitive to changes in log(0/H). In fact, 
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TABLE 3 

Cuts for Very Low Mass Sample Selection 



Cut 


Number Surviving 


fc-corrected SDSS magnitude errors < 0.1 mag 


52744 


84% high (O/H) w.r.t. M B 


8405 


M B > -17 mag 


217 


logM* < 9.15 


201 


84% high (O/H) w.r.t. M* 


192 


12 + log(0/H) error < 0.05 dex 


139 


99% low logM* w.r.t. (O/H) 


105 


exclude 95% high (O/H) w.r.t. M*, fiber fraction > 0.1 


78 


95% high (O/H) w.r.t. M g 


32 


Visual inspection 


23 


Metallicity comparison 


17 


Absolute magnitude correction 


16 



Note. — See §[272] and Figure [3] for a more detailed explanation. The 95% 
high (O/H) w.r.t. M g cut excludes IC 225, which passes subsequent cuts and is 
nonetheless included in plots and discussions. Note lack of fiber-fraction cut. 



some diagnostics, like the traditional R23 line index, ef- 
fectively saturate at high metallicity (Ke wlev fc Ellisonl 
2008), making it rather difficult to accurately measure 
even relative abundances. Because we would like to 
verify the high estimate d oxygen a bundances and we 
cannot reproduce the lTremonti et all abundance calcula- 
tions, which are based on a Bayesian statistical method, 
we measured log (O/H) in our galaxies us i ng tw o recom- 
mended methods from lKewlev fc Ellisonl ([2008). 

Another possible source of systematic inaccuracy in 
the abundance estimates is the treatment of extinction 
corrections. The corrections traditionally applied use 
the H I Balmer decrement and assume a simple uni- 
form foreground obscuring screen model like that used 
for stars to estimate Ay and correct the other emission 
lines. It is expected, however, that extinction towards ex- 
tended sources like H II regions is better described as a 
cl umpy screen, for ex a mple the turbulent screen models 
of iFischera fc Dopital (|2QQ5j ). In these, use of a simple 
screen tends to systematically overestimate the extinc- 
tion correction for the O IIAA3727,29A emission line, 
leading to a systematic underestimate of the gas-phase 
oxygen abundance. In all of our galaxies the H I Balmer 
decrement measurements are consistent with low Ay 
(< 0.5) for a simple screen extinction model, so this is not 
a big effect compared to other sourc es of measurement 
error given the attenuation curves in Fischera & Dopita 

iKewlev fc Ellisonl have measured the gas-phase metal- 
licities in star forming galaxies from SPSS using ten 
differe nt methods, including that of iTremonti et al.l 
(2004J) ; they also provide average relations relating 
each pair of methods. While no one metallicity es- 
timate is strictly believable — i.e., the true Oxygen-to- 
Hydroge n ratio — the relative me asurements are generally 
robust (jKewlev fc Ellisonl l2008|). Using the Data Re - 
lease 6 SDSS spectra ([Adelman-McCarthv et all 12008). 
we subtracted the underlyin g stellar continuum usin g 
the STARLIGHT program (|Cid Fernandes et al.ll2005h . 
We then calculated 12 + log(0/H) using the revised 
IKewlev fc Dopital (120021) m ethod given in Equation (A3) 
of IKewlev fc Ellisonl (l2QQ8h . 

log([N II] /[O II]) = 1106.8660 - 532.1451Z + 96.37326Z 2 
-7.8106123Z 3 + 0.32928247Z 4 , (1) 
where Z = 12 + log(0/H). Like IKewlev fc Ellisonl . we 



found the roots of this equation using the f z_roots pro- 
gram in IDL. We also measured the metallic ity using 
the "03N2" method of IPettini fc Page! (|20Q4f ). as rec- 
ommended bv IKewlev fc Ellisonl . where 

(IS)' 

(2) 

We choose to not use the R23 diagnostic for measuring 
12 + log(0/H) because it is known to be difficult to cal- 
ibrate at these abundances (|Kewlev fc Dopital l2002f ). In 
particular, while the seventeen z > 0.024 galaxies i n our 
main sample span ~ 0.2 dex on the lTremonti et all scale, 
they span ~ 0.6 dex when their me tallicities are cal cu- 
lated using the R23 m ethods of either [McGaughl (|l99ll ) or 
IZaritskv et al.l ([1994) , reflecting the fact that the R23 pa- 
rameter essen tially saturates at high oxygen abundances 
(|Bresolinll2007h . 

The oxygen abundances for our 41 galaxies plot- 
ted against these adopted metallicities in Figure [U 
The dotted line indicates equal measurements; the 
other two l ines are the emp irically determined rela- 
tions from IKewlev fc Ellisonl . The galaxies in our 
sample fall pre ferentially above the relation for the 
IPettini fc Pagell method, but surprisingly those galax- 
ies for which it is me asurable fall below the relation for 
the IKewlev fc Dopital method. One possible explanation 
for this discrepancy is that because [O II] and [N II] 
are widely separated in wavelength, a misestimation of 
the extinction or a poorly fitted continuum (especially 
for the weak [O II] emission line) can lead to underes- 
timated abundances. Specifically, there is often a de- 
generacy when fitting the stellar continuum between the 
extinction and the stellar population. While the con- 
tinuum fitting for our spectra are fairly good (i.e., they 
exhibit low residuals after the stellar template is sub- 
tracted), we tested the sensitivity to the continuum level 
at [O II] A3727A by calculating the IKewlev fc Dopital 
metallicity when the continuum is over- and underesti- 
mated; the mean of these two extreme metallicities is 
still systematically larger than expected by the mean re- 
lation, implying that the shift is not due to continuum 
fitting error. W e q uantify the differen ces between the 
IPettini fc Pagell and Ke wlev fc Dopital methods by ex- 
amining the product of the vertical displacement of each 
galaxy (for an op timally fit continuum) from the two 
IKewlev fc Ellisonl relations; only one galaxy in the main 



Metal-Rich Dwarf Galaxies 



7 




^ / // PP04; [OIIlJ/Hjg & [NII]/Ha _ 

/ / KD02; [NII]/[OII] 

g 4 _ / ' ' A main sample _ 

_ / / ^very low mass sample 

8.4 8.6 8.8 9 9.2 

12 + log(0/H) [other] 

Fig. 4. — Comparisons of oxygen abundances of low-luminosity 
mass-metallicity outliers measured with different methods as com- 
pared to mean relations. The red triangles denot e abundances mea- 
sured with the method of Pettini Sz Pagel ( 2004); the green squares 
are metallicitie s from revise d IKew lev Sz Dopita (2002) method 
from lKewlev Sz Ellison (2008). The red solid line and gree n dashed 
lines are the conversion fro m the [Pettini Sz Pagel (200 |) method 
and th e IKewlev & D opita ( 2002|) method to the Tremont i et al.l 
( 2004) metallicity respectively; the bl ack dotted line indicates equal 
measurements. Conversions are from Kewlev Sz Ellison (2008); see 
§ !2.3l for a more in depth discussion. 

sample has a significantly high I Tremonti et al.l metallic- 
ity relative to both of the other indicators. However, this 
12 + log(Q/H) was still high enough that even when the 
iTremonti et al.1 metallicity was replaced with the one ex- 
pected from either relation, the galaxy still passes the 
cuts in both the M g - and M*-metallicity planes. While 
the z < 0.024 galaxies do n ot have measurab le [O II] 
(and hence we cannot use the IKewlev fc Dopita! diagnos- 
tic for them), t he low redshift sample occupies a sim- 
ilar part of the I Tremonti et al.l versus iPettini fc Pagell 
parameter space as the galaxies in the main sample. 
For the very low-mass sample of galaxies, out of the 22 
galaxies which passed our visual inspection test, we ex- 
cluded 6 becaus e they were m ore than 0.1 dex ab ove the 
IPettini fc Pagell relation from IKewlev fc Ellisonl ; this is 
actually a more stringent cut than used for the main 
sample because several of the galaxies i n the main sam- 
ple with > 0.1 dex deviations from the IPettini fc Pagel 
relatio n have compensati ng negative deviations relative 
to the Kewl ev~ fc Dopital scale. We interpret these re- 
sults to mean that the 41 galaxies we have identified are 
true high-metallicity low-mass outliers from the mass- 
metallicity relation. 

3. DISCUSSION 

The 41 dwarf galaxies selected as described in §[2] are 
surprisingly non-pathological. They have undisturbed 
stellar morphologies (see Figure [2]). Furthermore, given 
that by selection these galaxies have both low luminosi- 
ties and high metallicities and that there is a trend for 
redder, brighter g alaxies to have hig her oxygen abun- 
dances (see, e.g., ICooper et al.l 12008) these metal-rich 
dwarfs do not occupy unexpected region of the color- 
magnitude diagram (see Figure [5] and also § 13. 4p . How, 
then, did they come to have such high oxygen abun- 



dev 



• main sample 

A very low mass sample 
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1 

Fig. 5. — High-metallicity low-mass galaxies on the color- 
magnitude diag ram (u — r vs. M r ) from the flux-limited z < 0.06 
sample of Unterborn Sz Rvden (2008). The color scale on the right 
shows the log / of each bin, where / is the fraction of galaxies in 
that bin; bin sizes are 0.05 mag in u — r and 0.25 in M r . The red 
circles denote the 24 galaxies from the main sample and the green 
triangles denote the 17 galaxies in the very low mass sample. 

dances? One obvious possibility is that these metallici- 
ties are due to an environmental effect, but as we describe 
in S I3.H the galaxies in our sample are non-interacting 
and rather isolated. Though several models predict that 
these galaxies should have high specific star formation 
rates, we show in S I3.21 that these galaxies have nor- 
mal star formation rates for their masses. We explain in 
S I3.3l whv we predict that these metal-rich dwarf galaxies 
should have relatively low gas fractions, and we discuss 
the implications of this prediction in the broader context 
of transition-type dwarf galaxies in § 13.41 

3.1. Environment 

While the origin of scatter in the mass-metallicity re- 
lation is unknown, one popular pro posal is that environ- 
ment affects metallicity. Recently. iMichel-Dansac et al.l 
(2008) studied close pairs of star-forming galaxies in 
SDSS with projected separations of < 100 kpc and ra- 
dial velocity separations of < 350kms _1 . Their re- 
sults indicate that for minor mergers, the less massive 
galaxy is likely to be preferentially more metal rich than 
predicted by the m ass-metallicity relation. Likewise, 
ICooper et al.l (|2008l ). after accounting for correlations 
within the color-magnitude diagram, find a strong pos- 
itive correlation between metallicity and overdensity for 
0.05 < z < 0.15 SDSS-selected star- forming galaxies that 
can account for up to ~ 15% of the scatter in the mass- 
metallicity relation. In light of these results, we searched 
for nearby neighbors of the seventeen z > 0.024 main 
sample metal-rich dwarf galaxies in a cylindrical volume 
of depth ±1000 km s -1 and projected radius of 1 Mpc. 
We find that our galaxies are relati vely isolated; none of 
them would have made it into the IMichel-Dansac et al.l 
(2008) sample. Seven out of these seventeen galaxies 
in our sample have no neighbors within this volume. 
Of the 10 remaining galaxies, four have no neighbors 
within 500kms _1 and 500 kpc, and only two have any 
neighbors within 500kms _1 and 100 kpc. One of these 
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two seems to be on the outskirts of a nearby cluster, 
but it is unclear whether or not it is physically associ- 
ated with the cluster (and there is only one small, faint, 
non-star- forming galaxy within the iMichel-Dansac et al.1 
volume). The other galaxy with a nearby neighbor is 
~ 400 km s -1 and 85kpc from a less- massive relatively 
metal-poor (12 + log[0/H] w 8.6) star-forming galaxy. 
We therefore conclude that interactions with neighbors 
do not explain the observed high abundances of our main 
sample of logM* ~ 9.5 galaxies. 

The galaxies in the very low mass sample (as well 
the z < 0.024 galaxies in the main sample), however, 
are generally at low enough redshift that an automated 
search for neighbors in velocity and projected distance 
space is difficult. Like the galaxies in the main sample, 
none of the lower-mass galaxies are in obviously inter- 
acting systems. Only one has an clear companion; it is 
a logM* = 9.13 galaxy which appears to be a satellite of 
a non-starforming companion 33kpc and ~ 120kms _1 
away. Also, while two of the seventeen galaxies in the 
very low mass sample may be in the Virgo cluster, clearly 
a rich environment cannot explain the high oxygen abun- 
dances observed in all of these galaxies. 

3.2. Star Formation Rates 

Dal cantonl {2007) finds that for a galaxy to have a low 
metallicity, it must have both a low star formation rate 
and a high gas fraction; she argues that the observed 
low star formation efficiency in galaxies with circular ve- 
locities < 120 km s -1 can ex plain the mass-metallicity 
relation. iKoppen et al.l (|2007l ) similarly suggest that the 
mass-metallicity relation could be due to a mass-star for- 
mation rate relation: a galaxy with a lower rate of star 
formation will have relatively fewer massive stars, and 
therefore a lower oxygen abundance. In either of these 
scenarios, we might expect the mass-metallicity outliers 
to have high st ar formation rates for their masses. On 
the other hand. [Ellison et all (|2008l ) find that at low stel- 
lar masses, galaxies with higher specific star formation 
rates tend to have lower oxygen abundances. As Fig- 
ure [6] shows, the galaxies in the main sample do not have 
preferentially high or low instantaneous specific star for- 
mation rates, while typical star formation rates for the 
the very low mass sample galaxies are ~ 0.3 dex lower 
than expected given their masses. 

3.3. Effective Yields and Gas Fractions 

So why do these galaxies have such high oxygen abun- 
dances? Consider a closed box star forming system (i.e., 
a system with no gas inflow or outflow). The metallicity 
Z = (mass of metals in gas phase) / (total gas mass) is 

Z = yln(^-), (3) 

\ /gas / 

where / gas = M gas / (M* + M gas ) is the gas fraction and 
y = (mass of metals in gas) / (mass of metals in stellar 
remnants and main sequence stars) is the metal yield. An 
immediately striking aspect of Equation [3] is that there 
is no implicit dependence on the total galaxy mass; the 
deviations from a universal metallicity 2 observed via the 

2 While the Z in Equation[3]is not the same as 12 + log(0/H) — 
it is a mass ratio of all metals rather than the abundance ratio of 
one element relative to Hydrogen — the same arguments still qual- 
itatively hold for observed abundances. 




log (M„/M G ) 



Fig. 6. — Star f ormation rate vs . stella r mass. The grey points are 
galaxies from the Tremonti et al. (2004) sample with SDSS magni- 
tude errors < 0.1 mag, the galaxies in our main sample are denoted 
with red circles, and the galaxies in our very low mass sample are 
marked with green triangles. The blue histogram denotes the me- 
dian star formation rate in bins of log M* of width 0.1 dex. The 
star formation rates estimates are from (Brinchmann et al. 2004) 
and the stellar mass est imates are from[Tremonti et al. ( 2004]) and 
IKauffmann et al.l (|2003l V 

mass-metallicity relation are presumably then due to the 
fact that galaxies are not scaled closed box versions of 
one another: variations of the yield with mass, a depen- 
dence on the gas fraction with mass, or a combination of 
these effects plays a role. For a galaxy to have a higher 
metallicity than other galaxies of the same mass, Equa- 
tion [3] tells us that it must have either a relatively high 
yield or a relatively low gas fraction. Observationally, the 
yield — which depends on both star formation physics as 
well as gas inflow and outflow — is a difficult quantity to 
measure; one popular way to address this problem is to 
define an effective yield, 

Lln(l//gas)J 

as the yield the galaxy would have were it actually a 
closed system. Given the galaxy's metallicity and gas 
fraction, one can then easily calculate y e ^. A com- 
mon explanation for the mass-metallicity relation is that 
the effective yield is positively correlated with galaxy 
mass, so that lower mass galaxies are able to preferen- 
tially lose metals to the intergalactic medium via winds 
beca use of their relatively shallow po tential wells (see 
e.g., lLarson|[l974l ; iFinlator fc D ave 20081 a nd re ferences 
therein). In particular, [Tremo nti et al.l (|2QQ4f ) tested 
this idea by comparing effective yields and baryonic 
masses. However, beca use when estima ting the effective 
yield from Equation 01 iTremonti et al.l use the measured 
12 + log(0/H) values, outliers in the mass-metallicity 
relation are practically guaranteed to be outliers in the 
effective yield-baryonic mass relation. 

Regardless, it is obvious from Equation [3] that our 
metal-rich dwarfs must either have unusually high yields 
or unusually low gas fractions for their masses. Galaxy 
yields can be affected by three processes: star formation, 
metal- deficient gas inflows, and metal-rich gas outflows. 
As shown in Figure [6] and discussed in § 13. 2\ we find that 
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the star formation rates for this population of galaxies are 
consistent with t hose of other galaxies of similar masses. 
iDalcantonl (|2007l ) has shown that metal-poor gas inflow 
is insufficient to explain the typically low metal abun- 
dances of low-mass galaxies; we therefore conclude that 
a lower inflow rate is insufficient to explain the higher 
abundances of our galaxies. It is possible that these 
galaxies are less effect ive at driving outflo ws than other 
dwarfs. For example, lEllison et al.l ((2008) find that, at 
fixed mass, galaxies with smaller half-light radii tend to 
have higher abundances; this picture is consistent with 
the idea that it is more difficult to drive win ds from 
deeper potential wells. ([Tremonti et al.l 12004 on the 
other hand, find no correlation with how concentrated 
a galaxy's light is and its oxygen abundance.) While the 
galaxies in our main sample do tend to have small radii 
for their masses (half-light radii of less than 2kpc), the 
typical 12 + log(0/H) for galaxies of similar masses and 
radii is still ~ 0.3 dex lower (about 2<j) than that of our 
galaxies. Furthermore, the very low mass sample galax- 
ies do not have preferentially small radii for their masses, 
leading us to conclude that while small radii may be a 
contributing factor to why some of these galaxies have 
been able to retain their metals, size alone does not tell 
t he whole story. 

lDalcanto"nl ((2007) calculated that enriched gas outflows 
can only severely decrease a galaxy's effective yield if the 
gas fraction is sufficiently high; that is, for low gas frac- 
tions, even a very strong outflow cannot drastically de- 
crease the effective yield — and thus measured abundance. 
Likewise, if a galaxy has a relatively low gas fraction, 
then only a small amount of pollution is needed to enrich 
the gas and cause the measured abundance to be high. 
We therefore predict that these mass-metallicity outliers 
have anomalously low gas masses relative to other iso- 
lated galaxies of similar luminosities and star-formation 
rates. There are unfortunately no H I data in the litera- 
ture for our galaxies that we can call upon to l end obser- 
vation al support to this prediction. However, iLee et ail 
(200^) have found that, in a sample of 27 nearby dwarf ir- 
regular galaxies, the gas-phase oxygen abundance is neg- 
atively correlated with the H I-measured gas-to-stellar 
mass ratio, which lends observational credence to our 
expectation. 



3.4. Transitional Dwarf Galaxies 

If these high-metallicity dwarf galaxies really do have 
relatively little gas, then they should be rapidly ap- 
proaching the end of their star formation. Specifically, 
these galaxies are likely to be transitioning from gas-rich 
dwarf irregulars (dlrr) to gas-deficient dwarf spheroidals 
(dSph) or the more massive dwarf ellipticals (dE). In 
general, so-called dlrr/dSph transitional dwarfs have 
similar star-formation histories as their currently non- 
starforming dSph cousins: both galaxy types typically 
have a mix of old and i ntermediate- age stellar popula- 
tions (|Grebel et al.ll2003l ). In a study of five near b y star - 
forming transitional dwarfs, iDellenbusch et all {2007) 
found that these relatively isolated galaxies seem to 
have unusually high oxygen abundances for their lumi- 
nosities, much like our sample of mass-metallicity out- 



liers. 3 iGrebel et al.l {2003) stress that the only difference 
between dSph galaxies and the transitional dlrr/dSph 
galaxies is the absence of star formation and of gas in 
dSph galaxies. While much of this conclusion is based 
on galax ies in higher- density environments than ours are 
(i.e., the lGrebel et al.l (|2003l ) dwarf galaxies are mostly in 
the Local Group), we find it likely that our galaxies are 
part of a similar transition population: morphologically, 
they have smooth, undisturbed profiles (see Figure[2]), in- 
dicating a stronger relationship to dwarf spheroidals than 
to the dwarf irregulars. In particular, for all of our galax- 
ies we note a lack of the irregular flocculent structures or 
spiral features often associated with dlrr galaxies. 

In fact, the only remarkable morphology any of the 
galaxies in our sample displays are the bright — and of- 
ten very blue — cores noticed in ten of the galaxies. These 
galaxies are shown in Figure [71 and noted in Table [TJ 
Some of these cores appear to have merely much higher 
surface brightnesses than thei r surro undings, but some 
are decidedly blue: iGu et al] (|2006l ) measure a differ- 
ence of A(g — r) > 0.3 mag arcsec -2 from the cen- 
ter of IC 225 4 relative to isophotes at > 5". These 
bright cores are almost certainly not a signature of ac- 
tive galactic nuclei; as mentioned in § 12. 3[ these galaxies 
fall squarely within the star-forming loc us of the nor- 
mal BPT line-ratio diagnostic diagrams ([Baldwin et al.l 
Il98lt iKewlev et al J 12003 ). iBoselli et all (|2008h find that 
for similar transitional dwarf galaxies with blue cen- 
ters in the Virgo cluster (including VCC 1855, the least 
massive galaxy in our sample with log[M*/M ] ~ 7.4), 
star formatio n is limited to these central blue nuclei. 
([Boselli et al.l attribute this centralized star formation to 
the effects of ram pressure stripping preferentially remov- 
ing gas from the outer regions of the galaxies. However, 
not all of the galaxies in our sample with bright nuclei are 
in the kinds of rich environments like the Virgo cluster 
where ram pressure stripping expected to play an im- 
portant role.) Intriguingly (yet unsurprisingly), most of 
our galaxies which appear to be approaching or on the 
red sequence (see Figure |5j) also have bright and/or blue 
cores, implying that their colors are already dominated 
by their non-starforming regions. Furthermore, having 
star formation limited to a relatively small region of the 
galaxy supports the idea that there is relatively little fuel 
available for forming stars, and thus that these galaxies 
are on their way to becoming standard dwarf spheroidal 
or dwarf elliptical galaxies. 

4. CONCLUSIONS 

We have identified a sample of 41 low-luminosity high- 
oxygen abundance outliers from the mass-metallicity re- 
lation. 

1. These galaxies are fairly isolated and none show 

3 All five of the [Dellenbusch et al. galaxies are in the 
ITremo nti et al. sample; four wer e either too hig h mass or too 
low metallicity (as measured by Tremonti et al.) to be signifi- 
cant outliers by our definitions. The final galax y (IC 745) was 
exclud ed from our sample because its m easured Pettini Sz Pagel 
(2004) abundance when converted to the ITr emonti et al. scale is 
0.22 dex above the Kewlev &; Ellison (2008) relation (as discussed 
in § 12. 3|) . highlighting the point that while our sample is rather 
pure, it is almost certainly incomplete. 

4 As mentioned in § 12.21 IC 255 did not pass all of the cuts for 
our very low mass sample, and so we reinserted it into the sample 
by hand. 
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Fig. 7. — SDSS images of high-metallicity low-mass galaxies with bright and/or blue cores, scaled to 5 x 5kpc, with Mb decreasing to 
the right and down so that the faintest galaxy is in the upper-left corner. 



any signs of morphological disturbance. It is likely, 
however, that the handful of galaxies in this sam- 
ple which are possible group or cluster members 
have disturbed gas morphologies, due to e.g., ram- 
pressure stripping. However, environmental ef- 
fects cannot account for the large gas-phase oxygen 
abundances observed in all of these galaxies. 

2. Based on the effective yield considerations of 
iDalcantonl (l2Q07f) and various related observational 
results (iGrebel et al.1 2003: Delle nbusch et al.ll2007l : 
iLee et a l. 2006; Bos elli et aD2008l ). we predict that 
these galaxies should have low gas fractions relative 
to other dwarf galaxies of similar stellar masses and 
star formation rates in similar environments but 
with more typical (i.e., lower) oxygen abundances. 
Furthermore, in this scenario, the stellar metallici- 
ties should be consistent with that of other dwarfs 
of similar luminosity, i.e., the stellar metallicities 
should be lower than the measured gas-phase abun- 
dances. 

3. These mass-met allicity outliers appear to be "tran- 
sitional" dwarf galaxies: because they are running 
out of star-forming fuel, they are nearing the end of 
their star formation and becoming typical isolated 
dwarf spheroidals. This conclusion is most sound 
for the M* < 9.1M galaxies which are observed to 
have low specific star formation rates. More data — 
specifically, gas fractions and stellar metallicities — 
are needed to help elucidate the situation for the 



higher mass galaxies. 
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